The concept of structural robustness and relevant design guidelines have been in existence in the progressive collapse literature since the 1970s following the partial collapse of the Ronan Point apartment building; however, in the more general context, research on the evaluation and enhancement of structural robustness is still relatively limited. This paper is aimed to provide a general overview of the current state of research concerning structural robustness. The focus is placed on the quantification and the associated evaluation methodologies, rather than specific measures to ensure prescriptive robustness requirements. Some associated concepts, such as redundancy and vulnerability, will be discussed and interpreted in the general context of robustness such that the corresponding methodologies can be compared quantitatively using a comparable scale. A framework methodology proposed by the authors is also introduced in line with the discussion of the literature.
Introduction
The fundamental characteristics of a structure are conventionally described by stiffness, strength, ductility, as well as stability. These properties can generally be controlled through codified design procedures to meet specific requirements. However, during the long service life span structure could be exposed to some exceptional events which are outside the coverage of a normal design process. Examples of such events include failure of a steel connection because of growing fatigue fracture and a sudden loss of a load carrying component due to impact or explosive loading. These events are typically unpredictable and the cause is difficult to control, therefore it is not feasible nor practical, and clearly not economical, to include such effect directly into design considerations. A more rational approach would to ensure that the structure can withstand such an exposure without the so-called disproportionate damage or collapse. The ability of the structure to do so emphasizes a new dimension in the spectrum of the characteristics of a structure, namely the structural robustness.
Abnormal exposures, whether accidental or due to malicious acts, and the resulting damaged state often impose unforeseen demands and unanticipated reductions in capacity. Older structures were able to accommodate some of these unforeseen situations as a result of less efficient construction techniques and imprecision, and therefore conservatism, in the design process. Modern design eliminates many of these undocumented factors of safety while accommodating ever-greater challenges of architectural expression; as a result, modern building design may be more vulnerable to unforeseen conditions during the life of a building. Consequently it is understandable that the concept of structural robustness has attracted increasingly more interest in the structural engineering research and design communities.
Structural robustness is a general term that may be used to refer to a variety of desirable structural behaviors in a variety of working conditions that are not explicitly designed for through a standard code-required design procedure. In the context of this study, the definition is confined to the ability of a structure in withstanding an abnormal event involving a localized failure with limited levels of consequences, or simply structural damages.
An evaluation of the structural robustness thus requires at least the following concepts and corresponding models: 1) Definition of abnormal event setin a simple case this may be removal of a load carrying element, targeted or random.
2) Definition of limited levels of consequencesthe ultimate level is the complete collapse of the system, but in a comprehensive evaluation this is expected to cover a range of levels, similar but not necessarily equivalent to the performance limit states. A framework of limiting criteria is required.
3) Definition of a unified robustness measurethis should allow for benchmarking, cross-comparison, and the possibility of optimization.
A large body of studies exist in the literature on relevant topics, mostly associated with progressive collapse and some deal with the assessment of robustness from a reliability perspective. However, there is no single framework that incorporates all the essential aspects in an explicit, transparent and quantitative manner leading to a comprehensive outcome in terms of the quantification of structural robustness and systematic design requirements to achieve a specified robustness target.
This paper is aimed at providing a comprehensive account with regard to the current state of research in this subject area. In view of the fact that progressive collapse has become a thematic area, the topic of progressive collapse will be discussed only briefly in the last part of the paper for the sake of completeness. The focus is placed on the more general aspects of the structural robustness.
Basic concepts and terminology
Structural robustness is generally concerned with the ability of a system to withstand abnormal circumstances without disproportionate failure. The abnormal circumstances could arise from extreme events such as explosions, impact, fire, or the consequences of human errors and structural deterioration [1] . Structural robustness has been recognized as an intrinsic requirement which is fundamentally inherent to the structural system organization [2] and is associated with the vigorous strength and toughness [3] . A range of variants in the more detailed definitions exist. Slotine and Li [4] defines structural robustness as the degree to which a system is insensitive to effects outside the design considerations. Beeby [5] regards robustness as a specified energy absorption capacity of the structure.
Although there is a lack of generally accepted methods for the direct quantification of structural robustness, various proposals on the definitions of some closely associated characteristics exist. Lind [6] proposed the definition of vulnerability as the ratio of failure probability of the damaged system to that of the undamaged system, and such a definition of vulnerability may be easily converted to a measure of robustness. Augusti et al. [7] uses the concept of sensitivity (in damage terms) of the facility to a given event. Hendawi and Frangopol [8] looked into the reliability of redundant systems using a failure path approach that requires all of the failure probability to be enumerated. Ellingwood and Leyendecker [9] were among the first to advocate the alternative path analysis which involves removing a member to determine if the "damaged" structure can tolerate the redistribution of loads. Agarwal et al.
[10] developed a socalled "rings & rounds" approach to evaluate the vulnerability of structural systems.
Ultimately, a systematic quantification of system robustness needs to be assessed in the context of three fundamental elements, 1) type of abnormal exposure (abnormal "hazard"), 2) the structural consequence of such exposure, and 3) the broader consequence or risk including fatalities and economic loss. While defining the exposure and assessing the broader consequence will involve a number of other factors (see a comprehensive list in Baker et al. [11] ), the structural consequence under a given exposure lies at the center of the whole framework and generally is the most controllable aspect as far as structural engineers are concerned. In this paper we shall confine ourselves only to the robustness in relation to the structural consequence under a given exposure in the form of local failure or severe damage causing a serious disruption to the structural system.
Closely related to the above-outlined concept of structural robustness is the broader-sense structural redundancy which forms the basis for the system to adapt to the structural change, and the ductility which determines whether the system can sustain the usually large deformations without progressive loss of strength in the course toward the establishment of a new equilibrium state. With this in mind, it is useful to clarify several concepts that may be involved in the different approaches of assessing the robustness of a structure.
Robustness There is no absolute universally accepted definition of robustness. However, while the wording may vary, the underlying theme or concept is relatively consistent, and several common keywords can be extracted from the various definitions such as damage, vulnerability, disproportion, consequences, insensitivity, unforeseen loading, risk and so on. While robustness itself may be considered to be a property inherent to a particular structure, it is a function of other structural properties including strength, stiffness, ductility, as well as the structural organization and redundancy.
Consequences are the potential outcomes of events. These can be considered in terms of loss of life, economic costs and damage to the environment (JCSS 2008) [12] . As far as structural robustness is concerned, it is the indirect consequences, or the subsequent additional damage following a direct consequence of an exposure, that is of interest. For example, in the event a structure is exposed to collision leading to failure of a column (direct conse-
